Electrical activity and sufficient supply with survival factors play a major role in the control of apoptosis in the developing cortex. Coherent high-frequency neuronal activity, which efficiently releases neurotrophins, is essential for the survival of immature neurons. We studied the influence of neuronal activity on apoptosis in the developing cortex. Dissociated cultures of the newborn mouse cerebral cortex were grown on multielectrode arrays to determine the activity patterns that promote neuronal survival. Cultures were transfected with a plasmid coding for a caspase-3--sensitive fluorescent protein allowing real-time analysis of caspase-3--dependent apoptosis in individual neurons. Elevated extracellular potassium concentrations (5 and 8 mM), application of 4-aminopyridine or the g-aminobutyric acid-A receptor antagonist Gabazine induced a shift in the frequency distribution of activity toward high-frequency bursts. Under these conditions, a reduction or delay in caspase-3 activation and an overall increase in neuronal survival could be observed. This effect was dependent on the activity of phosphatidylinositol-3 kinase, as blockade of this enzyme abolished the survivalpromoting effect of high extracellular potassium concentrations. Our data indicate that increased network activity can prevent apoptosis in developing cortical neurons.
Introduction
Spontaneous electrical activity, synaptic transmission, and contact with the appropriate target cells play major roles in the regulation of developmental cell death in the central nervous system (Pittman and Oppenheim 1979; Voyvodic 1996; Raff et al. 1998; Nicotera et al. 1999 ). Blockade of spontaneous activity through inhibition of voltage-dependent sodium channels (Fishbein and Segal 2007) , calcium channels (Heck et al. 2008) , or ionotropic glutamate receptors (Ikonomidou et al. 1999 ) during the period of naturally occurring cell death leads to massive neuronal cell loss by apoptosis. The activitydependent survival of neurons depends on sufficient supply with neurotrophic factors (Barde 1989; Oppenheim 1991; Minichiello and Klein 1996; Mennerick and Zorumski 2000) . Neurotrophins are released in an activity-dependent manner (Hartmann et al. 2001; Brigadski et al. 2005; Kolarow et al. 2007 ) with different stimulation protocols showing different efficiency for neurotrophin exocytosis (Balkowiec and Katz 2000; Balkowiec and Katz 2002; Lessmann et al. 2003) . These trophic factors ensure survival by activation of transcriptiondependent and -independent survival pathways involving signaling via mitogen-activated protein kinases (MAPK), phosphatidylinositol-3 kinase (PI3K), and influx of calcium that leads to activation of calcium/calmodulin-dependent kinase IV (Huang and Reichardt 2001; Patapoutian and Reichardt 2001; Sossin and Barker 2007) . Interestingly, activation of ionotropic glutamate receptors, in particular of N-methyl-D-aspartate (NMDA) receptors, and voltage-dependent calcium channels can activate the same intracellular survival-promoting pathways (Lonze and Ginty 2002) . Antiapoptotic actions of these pathways include inactivation of proapoptotic proteins, such as B-cell lymphoma (Bcl)-2/Bcl-x-associated death promoter (Bonni et al. 1999 ) and forkhead transcription factor like 1 (Patapoutian and Reichardt 2001) . Furthermore, these pathways lead to activation of cyclic adenosine monophosphate--response element binding protein and nuclear factor--dependent expression of prosurvival proteins, for example, inhibitor of apoptosis proteins, brain-derived neurotrophic factor (BDNF), and Bcl-2. However, evidence is accumulating that different survival-promoting pathways are activated differently depending on the type of electrical activity (Papadia et al. 2005; Soriano et al. 2006 ) and the site of calcium entry (Hardingham et al. 2002; Krapivinsky et al. 2003; Soriano and Hardingham 2007) .
Since neurons in culture also display spontaneous activity patterns that become more complex with increasing culture time (Opitz et al. 2002; Wagenaar et al. 2006; Sun et al. 2010) , we aimed at correlating these different activity patterns with the ability of neurons to withstand trophic deprivation. In addition, we wanted to elucidate the role of the PI3K pathway in mediating neuronal survival on pharmacological manipulation of these spontaneous activity patterns. Therefore, dissociated cortical cultures of newborn mice were transfected with the pCaspase3-sensor vector that allowed for the online detection of caspase-3 activation (Golbs et al. 2007 ), which represents a key event in the apoptosis process (Wang 2000; Lakhani et al. 2006) . By applying different extracellular potassium concentrations, we controlled the intensity and patterns of spontaneous network activity, which was monitored by recording from cortical cultures grown on multielectrode arrays (MEAs). A selective antagonist of PI3K was used to elucidate the contribution of this survival-promoting pathway to neuronal survival under different test conditions.
Material and Methods

Cell Culture
All experiments were conducted in accordance with the national laws for the use of animals, the European Community guideline for the ethical use of animals in research (86/609/EEC) and approved by the local ethical committee (#23.05-230-3-76/00). Neocortical neurons derived from newborn postnatal day 0 or 1 (P0--P1) C57BL/6 mice were cultured as described in detail previously (Golbs et al. 2007) . Briefly, newborn mice were decapitated, and the brains were transferred into ice-cold minimal essential medium (Gibco, Invitrogen) supplemented with 200 lM glutamine (MEM+). The cerebral hemispheres were separated and the meninges were removed. Dissociation of the cells was realized by incubation in modified phosphate buffered saline without Ca 2+ or Mg 2+ (MPBS-/-) containing 0.25% Trypsin at a temperature of 37°C for 12 min. Trypsination was terminated by cooling and addition of basal medium eagle (Gibco) supplemented with 10% fetal calf serum (BME/10% FCS). Further dissociation of the cortices was achieved by titration with a fire-polished Pasteur pipette. Cells were counted in a Neubauer chamber and 3 million cells were seeded in a 3-cm Petri dish containing BME/10% FCS. After 1 h of preplating at 37°C and 5% CO 2 , the cell suspension enriched in neurons as compared with glia was plated onto polyornithin (SigmaAldrich)-coated coverslips in 24-well plates or polyornithin-coated MEAs (Multi Channel Systems) (Sun and Luhmann 2007; Sun et al. 2010) . In both cases, cells were seeded at a density of~2550 cells/mm 2 . The culture medium consisting of Neurobasal medium (Gibco) supplemented with 2% B27 (Gibco), penicillin, and streptomycin and 1% glutamax (Neurobasal [NB]-B27 medium) was completely exchanged after incubation of 24 h at 37°C and 5% CO 2 . After a culture period of 7 days in vitro (div), a further change of one-third of the culture medium was performed.
Transfection Cortical-cultured neurons from newborn C57BL/6 mice were transfected with the pCaspase3-sensor vector (Clontech, BD Biosciences). The protein encoded by this vector specifically detects activation of Caspase-3 in neocortical neurons (Golbs et al. 2007) . Transfection was carried out by use of Lipofectamin 2000 (Invitrogen) according to the manufacturer's instructions. After 2 weeks in vitro, the dissociated cortical cultures were placed in prewarmed antibiotics-free NB/B27. The conditioned culture medium was removed and stored. For each coverslip (~200 000 cells), 0.8 lg of the pCaspase3-sensor vector was diluted in 50 lL of NB containing no supplements. On a vortex, 2 lL of Lipofectamin 2000 (Invitrogen) were mixed with NB without supplements to give a final volume of 50 lL. After 5 min of incubation at room temperature, both solutions were combined on a vortex and incubated for a further 20 min at room temperature. Thereafter, the transfection mix was added to the culture and allowed to incubate at 37°C and 5% CO 2 for 3--4 h. After the incubation period, the transfection solution was removed and replaced by the conditioned medium replenished with 100 lL of fresh NB/B27.
Real-Time Analysis of Apoptosis
Following transfection, cultured neurons were allowed to recover at 37°C and 5% CO 2 for 20 h. Subsequently, they were then transferred to a submerged-type recording chamber (Luigs and Neumann) and mounted on the fixed stage of an upright microscope (Olympus). The coverslips were immobilized by use of small glass pieces and superfused with artificial cerebrospinal fluid (ACSF) of the following composition: 51.3 mM NaCl, 26 mM NaHCO 3 , 0.9 mM NaH 2 PO 4 d H 2 O, 0.812 mM MgCl 2 d 6H 2 O, 1.8 mM CaCl 2 d 2H 2 O, 0.2 lM Fe(NO 3 ) 3 d H 2 O, 25 mM glucose, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, and either 1.5, 3.0, 5.3, or 8.0 mM KCl (pH 7.4, osmolarity 205 mOsm) . The composition of the ACSF reproduced the culture medium condition (Brewer et al. 1993 ). The flow rate was adjusted to 3 mL/min. A temperature of 32°C was maintained by a temperature controller (Luigs and Neumann). Transfected neurons were observed using a Nipkow spinning disk confocal system (Visitech) equipped with a krypton/argon laser source (Laser Physics). Enhanced Yellow Fluorescent Protein (EYFP) fluorescence fluorescence of the Caspase3-sensor was excited by the 488-nm laser line. Images were collected by a 603 water immersion objective (Olympus) and a cooled couple charge device camera (Roper Scientific). Positions along the X-, Y-, and Z-axes of 15--20 transfected neurons were stored with a custom-made program that allowed repeated piloting to the stored positions at the designated time points. Fluorescent images of the selected neurons were taken every 30 min for a total of 12 h. Translocation of the fluorescent signal to the nucleus was determined visually. In agreement with our previous report (Golbs et al. 2007) , the translocation process of the caspase3-sensor was quantified by measuring the fluorescence intensity of the nucleus versus the cytoplasm using the Metamorph software (Universal Imaging Corporation). A 10% increase in the ratio of the nuclear fluorescence density over the somatic fluorescence intensity was defined as the onset of the translocation process. When this ratio reached 90% of the control value, the translocation was considered as complete (Golbs et al. 2007) .
Immunocytochemistry Dissociated cortical cultures were fixed in 4% paraformaldehyde for 15 min. Thereafter, they were washed twice with phosphate buffered saline (PBS). The cultures were permeabilized by incubation with 0.1% Triton X-100 (Sigma) in PBS for 2 min. Unspecific binding was blocked by application of 5% bovine serum albumin (BSA, Sigma) in PBS for 2 h. Afterward the following primary antibodies were applied in the indicated dilutions: antiglial fibrillary acidic protein (GFAP, Dako, 1:400), antiactivated caspase-3 (Asp 175, Cell Signaling Technologies Inc., Pharmingen, 1:200), antineuronal nuclei (NeuN, Millipore, Schwalbach/Ts., 1:400), and antimicrotubule associated protein-2 (MAP-2, Sigma, 1:400). The antibodies were diluted in 0.1% Triton X-100 and 5% BSA in PBS. The incubation was carried out at 4°C overnight. After 3 consecutive washing steps in PBS, the following secondary antibodies were added at the indicated dilutions: biotinylated goat-antirabbit (Vector Laboratories, 1:400), Cy2-coupled goatantirabbit (Dianova, 1:50), and Alexa568-coupled antimouse antibody (Molecular Probes, 1:400). The antibodies were diluted in 0.1% Triton X-100 and 5% BSA in PBS. Cultures were incubated with the secondary antibodies at room temperature for 2 h. After 3 further washing steps, the cultures stained for GFAP were incubated at room temperature with Alexa488-coupled streptavidine (Molecular Probes) at a dilution of 1 in 800 in 0.1% Triton X-100 and 5% BSA in PBS for 30 min. Subsequently, the cultures were washed again, rinsed in water, and mounted on slides using Fluoromount-G (SouthernBiotech).
Electrophysiology
Dissociated cortical neurons from newborn C57BL/6 mice were plated onto MEAs (MEA 200/30iR-Ti-gr, Multi Channel Systems) (Sun et al. 2010) . These MEAs contained 60 planar extracellular titanium nitrite electrodes and an internal reference. The electrodes had a diameter of 30 lm and were separated from each other by 200 lm. Cells were cultured for up to 2 weeks, and extracellular recordings of spontaneous activity were conducted from all 60 electrodes at each day during the culture period. Therefore, cultures were placed in a MEA 1060-INV-BC system (Multi Channel Systems) mounted on an inverse microscope (Optika Microscopes). For the extracellular recordings of activity patterns in different extracellular potassium concentrations, neocortical neurons were cultured on MEAs for 2 weeks. At 13--14 div, cultures were placed in a MEA 1060-INV-BC recording system. A perfusion system administered ACSF of the same composition as the one used for the time-lapse studies with potassium concentrations of 1.5, 3.0, 5.3, and 8.0 mM. The perfusion rate was kept at 3 mL/min. Temperature was maintained at 32°C by a temperature controller (TC02, Multi Channel Systems). ACSF of each potassium concentration was applied for 40--60 min, and extracellular recordings were obtained simultaneously from 60 electrodes at a sampling rate of 25 kHz using MC_RACK software (Multi Channel Systems). Only signals exceeding a value of 6 times the standard deviation of the baseline were considered as spikes. Data were imported into a custom-made program in Matlab version R2007b (Mathworks). For each experiment, the activity of the last 20 min of each potassium concentration was analyzed. The interspike interval and the frequency of the recorded spikes were calculated for each channels, and the frequency distribution for each potassium concentration was determined.
Pharmacology
After 2 weeks in vitro, dissociated cortical cultures were subjected to time-lapse experiments in which an antagonist of the PI3K signaling pathway was present in the perfusion solution. Thirty micromolar of the PI3K inhibitor 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002, Invitrogen) was used to specifically block the PI3K. Cell death was assessed by translocation of the Caspase3-sensor. To study the influence of different electrical activity patterns on neuronal apoptosis, the following drugs were added to dissociated cortical cultures at 14 div: Tetrodotoxin (TTX, Tocris Cookson, 1 lM), 4-aminopyridine (4-AP, Tocris, 100 lM), and Gabazine (SR-95531, Sigma, 3 lM). Caspase-3 activation was analyzed immunocytochemically after 12 h. The influence of each drug on spontaneous neuronal network activity was measured with the MEA.
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Quantification of Apoptosis by Immunocytochemistry
To quantify the amount of neuronal apoptosis after treatment with different potassium concentrations and drugs, dissociated cortical cultures were double stained for activated caspase-3 and NeuN. Counting of double-labeled cells was realized by ImageJ.
Statistical Analysis
For statistical analysis, analysis of variance followed by Newman--Keuls post hoc test or Kruskal--Wallis test in combination with Dunn's post hoc test was used depending on whether the results followed a Gaussian distribution. All data are presented as mean ± standard error mean.
Results
Development of Spontaneous Activity in Dissociated Cortical Cultures
We first characterized the morphology and electrophysiological properties of dissociated neocortical cultures of newborn mice. Immunocytochemical analyses revealed a mixed culture consisting of neurons as detected by an antibody against the neuronal marker MAP-2 and astrocytes as revealed by staining of the astrocytic marker GFAP (data not shown). The morphology of the astrocytes was similar to the one previously documented by us in organotypic slice cultures of the newborn mouse neocortex (Heck et al. 2008) . To study the development of spontaneous network activity in cultured cortical neurons, dissociated cortical cultures were grown on MEAs (Fig. 1A ) and single-unit activity (spikes) were recorded daily from the same MEA culture between 2 and 15 div. Spontaneous electrical activity could be firstly recorded after 4--5 div at a few electrodes (3 ± 1 electrodes, n = 9 cultures) (Fig. 1B) . From 5--9 div, spontaneous activity could be recorded at increasingly more electrodes (Fig. 1C,D) . At this developmental stage, electrical activity was characterized by the organization in specific patterns that were correlated over several neighboring electrodes (Fig. 1D, inset) . After 14 div, spontaneous electrical activity could be recorded in average from 33 ± 4 electrodes (n = 9), and bursts of spikes were correlated over several electrodes (Fig. 1E, inset) . Periods of network bursting activity were interrupted by periods of single spike firing recorded at individual electrodes (Fig. 1E) . The average spike firing activity increased during the first week in culture from 6 spikes/s at 5 div to 10 spikes/s at 8 div ( Fig. 1F ). During that culture period, the predominant activity pattern was regular spiking at all electrodes with little variation in spiking frequency. At the end of the first week, the activity pattern changed between sporadic phases of high firing frequency (bursts) and phases of low firing frequency (Fig. 1F) . After 2 weeks in culture, bursts of spikes could be recorded simultaneously at various electrodes. During these bursts, the spike frequency increased to values of up to 250 spikes/s with a rapid drop in average firing frequency to <1 spike/s during the period following the burst (Fig. 1F) . This overall activity pattern remained stable during the subsequent div (analyzed up to 15 div). Therefore, all following experiments were performed on 13 or 14 div cortical cultures.
Modification of Spontaneous Network Activity by the Extracellular Potassium Concentration
After characterization of the development of spontaneous network activity in dissociated neonatal cortical cultures, we applied different extracellular potassium concentrations ([K + ] ex ) to induce alterations in spontaneous activity patterns.
Previous studies could already demonstrate that the spontaneous network activity of cortical neurons in culture is strongly influenced by the extracellular potassium concentration (Canepari et al. 1997) . Therefore, dissociated cortical cultures were grown on a MEA for 13--14 days in NB/B27 medium containing 5. ] ex , the activity pattern showed an increase in the occurrence of network bursts correlated over a large number of electrodes (arrows in Fig. 2C ). This spontaneous electrical activity in 5.3 mM [K + ] ex was similar to the spontaneous electrical activity pattern recorded after 14 div in the NB/B27 culture medium (Fig. 1E) . When the potassium concentration was further elevated to 8.0 mM, the activity pattern changed from burst firing to tonic spike firing ( Fig. 2D ) with very little changes in average spike frequency.
To further elucidate the different activity patterns, the frequency distribution of spikes recorded in each potassium concentration was determined. In 1.5 and 3.0 mM [K + ] ex , the dominating activity revealed a peak frequency at 0.1 Hz (Fig. 2E , filled square and open triangle). Activity at higher frequencies was evenly distributed in these potassium concentrations and below an incidence of 10 events/min. In 5.3 mM [K + ] ex (Fig. 2E , filled diamonds), activity shifted to higher frequencies and significantly more events per minute could be detected at frequencies above 1 Hz as compared with the lower potassium concentrations of 1.5 and 3.0 mM. If the potassium concentration was further increased to 8.0 mM, activity was highest in the range of 1--100 Hz with relative maxima at 2 and 50 Hz (Fig. 2E, open circles) . At higher frequencies above 100 Hz, only few events per minute could be observed.
High Potassium-Induced Survival of Cortical Neurons under Trophic Deprivation Next, we addressed the question how these different activity patterns can influence the ability of cortical neurons to withstand apoptosis-inducing stimuli such as trophic deprivation. Therefore, cortical neurons were grown on coverslips for 2 weeks in NB/B27. At 12--13 div, they were transfected with the pCaspase3-sensor vector (Golbs et al. 2007 ). Subsequently, coverslips were transferred to a submergedtype recording chamber and mounted on an upright microscope. The NB/B27 culture medium was exchanged by ACSF, which was continuously delivered through a perfusion system. This treatment resulted in a washout of neurotrophic support from the culture medium. In order to alter the spontaneous activity patterns, the ACSF contained 1.5, 3.0, 5.3, or 8.0 mM [K + ] ex for the whole duration of the experiment (12 h). Apoptosis of cortical neurons was assessed by translocation of the Caspase3-sensor (for details, see also Golbs et al. 2007 ). The survival rate of transfected neurons in the absence of external trophic factors was strongly dependent on the [K + ] ex . Figure 3 shows confocal images of representative neurons at different time points during these experiments. The translocation of the fluorescent signal of the Caspase3-sensor into the nucleus, indicative for activation of caspase-3, can be detected at higher magnification (insets in . 3 ). Neurons kept in potassium concentrations of 1.5 or 3.0 mM showed an early translocation of the EYFP signal. This translocation could be observed as early as 4--5 h after the onset of trophic deprivation (Fig. 3A,B) . In contrast, cultures treated with 5.3 or 8.0 mM [K + ] ex showed a significant delay in the translocation of the fluorescent signal (Fig. 3C,D) . To quantify in more detail the effect of different activity patterns on cortical survival, a minimum of 54 neurons in 4 independent experiments were studied for each potassium concentration with respect to caspase-3 activation. Visual quantification of the translocation of the fluorescent signal of the pCaspase3-sensor was performed with Metamorph software. The time course of the percentage of transfected neurons that showed an activation of caspase-3 revealed a much steeper increase in low potassium concentrations (1.5 and 3.0 mM, Fig. 4A , filled squares and open triangles, respectively) as compared with higher potassium concentrations (5.3 and 8.0 mM, Fig. 4A, filled diamonds and open circles) . This indicates that neurons kept in low potassium concentrations showed a significantly faster activation of caspase-3 than those neurons exposed to higher potassium concentrations. This was also proven by the average translocation time of the EYFP signal (Fig. 4B) , which was significantly shorter in low extracellular potassium concentrations ( T = 310.7 ± 33.4 min for 1.5 mM (Fig. 4C ). This value was significantly elevated in the lower extracellular potassium concentrations (1.5 and 3.0 mM) as compared with the higher potassium concentrations (5.3 and 8.0 mM).
To rule out the possibility that the transfection protocol may influence the susceptibility of cortical neurons to trophic deprivation, we repeated the experiment shown in Figure. 4B with coverslips that were not transfected. After 12 h in different potassium concentrations, the neurons were stained with antibodies directed against activated caspase-3 (Asp 175) and NeuN (Fig. 4D) . Although the percentage of activated caspase-3-positive neurons was slightly lower for each potassium concentration when compared with the transfected neurons, a significantly better survival of neurons in higher potassium concentrations (5.3 and 8.0 mM) could be also observed in these cultures. If the potassium concentration was further increased to 14 mM, a concentration that we found was just above the depolarization block threshold of 12.5 ± 1.9 mM (n = 4; MEA data not shown), the percentage of activated caspase-3-positive neurons was not different from that of 5.3 or 8.0 mM. Next, we wanted to assess the role of key proteins of the main routes of neuronal survival in determining the time course of activity-dependent survival of cortical neurons under trophic deprivation. Therefore, dissociated cortical cultures were grown on coverslips for 14 days and transfected with the pCaspase3-sensor vector. Subsequently, they were transferred to a submerged-type recording chamber and continuously perfused with ACSF containing 1.5, 3.0, 5.3, or 8.0 mM [K + ] ex and LY294002, an antagonist of PI3K. For economic reasons, the ACSF was administered by a recirculating perfusion system, that is, the ACSF was continuously returned to the reservoir and reoxygenated before being delivered to the culture again. survival pathway was blocked (Fig. 4E) . In contrast, the survival time of neurons kept in low potassium concentrations (1.5 and 3.0 mM) was not influenced by blocking PI3K.
Pharmacological Manipulation of Spontaneous Electrical Network Activity
In order to further analyze the influence of high-frequency activity on cortical survival, 2-week-old cultures of cortical neurons were treated with agents that altered spontaneous network activity. MEA recordings showed the expected block of all spontaneous neuronal network activity if TTX was added to cultures kept in high potassium concentrations (5.3 and 8.0 mM; data not shown). If cultures were kept in low potassium concentrations (1.5 and 3.0 mM), addition of Gabazine, an antagonist of c-aminobutyric acid-A (GABA-A) receptors, led to a significant increase in the number of high-frequency events (Fig. 5A,B, open diamonds) . The frequency distribution under the influence of Gabazine was similar for cultures kept in 1. (Fig. 5B, filled triangles) . In 1.5 mM [K + ] ex , 4-AP only induced a significant increase in the low-frequency events (0.2, 1, and 2 Hz; Fig. 5A, filled triangles) .
We analyzed the influence of TTX, Gabazine, and 4-AP on the survival of 13--14 div cortical neurons cultured in different extracellular potassium concentrations, and apoptotic neurons were identified by an immunocytochemical costaining of activated caspase-3 and NeuN. In 5.3 and 8.0 mM [K + ] ex , TTX caused a significant increase in the number of active caspase-3-positive cells (Fig. 6A) , supporting our previous observations in neocortical slice cultures (Heck et al. 2008) . Cortical neurons cultured in 1.5 or 3.0 mM [K + ] ex showed a highly significant reduction in the number of active caspase-3-positive neurons when Gabazine was present in the culture medium (Fig. 6B) . A decrease in the percentage of apoptotic neurons could be also observed in 4-AP, but this effect was not significant. These data are in good agreement with our electrophysiological data demonstrating in 1.5 and 3.0 mM [K + ] ex a significant increase in high-frequency discharges clearly for Gabazine but to a lesser extent for 4-AP (Fig. 5) .
Discussion
Developing cortical neurons and networks shows distinct patterns of spontaneous synchronized activity (Milh et al. 2007; Tolonen et al. 2007; Alle`ne et al. 2008; Yang et al. 2009; Colonnese et al. 2010) . In vivo, these activity patterns can be detected even before chemical synapses are formed (Ben-Ari 2001). During late embryonic and early postnatal development, electrical synapses (gap junctions) often play a critical role in the generation and/or propagation of these activity patterns (Kandler and Katz 1998; Flint et al. 1999; Dupont et al. 2006; Crepel et al. 2007 ). With increasing age chemical synapses involving glutamatergic and GABAergic, neurotransmission become more important in generating large-scale network activity (Owens et al. 1996; Kandler and Katz 1998; Dupont et al. 2006; Minlebaev et al. 2007 Minlebaev et al. , 2009 ) (for review, see Khazipov and Luhmann 2006; Allene and Cossart 2010) . Similar activity patterns as those observed in vivo have been described for neuronal cultures developing in vitro (Canepari et al. 1997; Gramowski et al. 2004; Heck et al. 2008; Sun et al. 2010) . In the present study, we wanted to study the influence of different network activity patterns on the survival of immature cortical neurons. Our findings can be summarized as follows: 1) Dissociated neocortical neurons prepared from P0--P1 mice develop in vitro complex activity patterns dominated by ] ex , addition of Gabazine significantly decreased the percentage of active caspase-3-positive cells, whereas 4-AP had no effect on cortical survival (t-test, ns P [ 0.05, ***P \ 0.001; n $ 5 cultures for each condition). Data are presented as mean þ standard error mean.
high-frequency network bursts. 2) These activity patterns can be modified into low-frequency single spike firing or higher frequency tonic spike firing by decreasing or increasing the extracellular potassium concentration, respectively. 3) Highfrequency network burst firing or tonic spike firing can protect cortical neurons against trophic deprivation--induced apoptosis. 4) Pharmacological agents that alter spontaneous network activity affect cortical survival under trophic deprivation. 5) The neuroprotective effect of these high-frequency activity patterns is mediated by a PI3K-dependent survival pathway.
We demonstrate that spontaneous network activity in cortical cultures grown on MEAs develops within the first 14 div. After 4 div, the cultures showed the first recordable activity at a small number of electrodes. During further development, spontaneous activity could be recorded from an increasing number of electrodes and the activity pattern changed from single spike firing to high-frequency network bursting within the first 2 weeks in vitro. This synchronized bursting activity was correlated over a large number of electrodes and after 14 div remained stable over the remaining observation period of the present study. Our results are in good agreement with previous studies demonstrating the emergence of spontaneous activity in cortical cultures after 4 div (Wagenaar et al. 2005) and changes to a bursting pattern with increasing culture time (Opitz et al. 2002; Wagenaar et al. 2005; Sun et al. 2010) . These in vitro network bursts resemble in their appearance local spontaneous activity patterns, like cortical giant depolarizing potentials and spindle bursts, which have been described in developing rodent cerebral cortex in acute slice preparations (Sun and Luhmann 2007; Rheims et al. 2008 ) and under in vivo conditions (Khazipov et al. 2004; Hanganu et al. 2006; Yang et al. 2009 ) (for review, see Allene and Cossart 2010). However, in contrast to the in vivo situation where this synchronized activity is replaced by more mature activity patterns during early postnatal development (Colonnese et al. 2010) , the network activity recorded in vitro persisted for several weeks or even months (Kamioka et al. 1996; Opitz et al. 2002; Wagenaar et al. 2005; Wagenaar et al. 2006) .
During early developmental stages, spontaneous electrical network activity is crucial for neuronal survival (Mennerick and Zorumski 2000) . Neurons that do not participate in synchronized network activity will undergo apoptotic cell death (Voigt et al. 1997) . We found that an extracellular potassium concentration of 5.3 mM induced synchronized network bursts. At a higher potassium concentration of 8.0 mM, the network activity was characterized by tonic spike firing. Our observations are in good agreement with previous studies showing that the extracellular concentration of potassium can significantly alter the bursting behavior and synchronization of activity in neuronal cultures (Canepari et al. 1997; Ballerini et al. 1999; Khazipov et al. 2004) . Synchronized network bursts in the frequency range of 20--50 Hz at intervals of 20 s are very effective activity patterns to trigger the release of neurotrophic factors such as BDNF (Balkowiec and Katz 2000; Hartmann et al. 2001; Balkowiec and Katz 2002) (for review, see Lessmann et al. 2003) . Neurons that do not receive sufficient trophic support will undergo caspase-3-dependent apoptosis (Oppenheim 1991; Frade and Barde 1999; Li et al. 2001; Depaepe et al. 2005) . However, the activity patterns of developing neuronal networks have not yet been linked to differences in neuronal survival when neurons were challenged with apoptosis-inducing stimuli. Although it is known that elevation of the extracellular potassium concentration can rescue neurons under a variety of death-promoting conditions such as blockade of NMDA receptor signaling (Hwang et al. 1999; Heck et al. 2008) , NGF deprivation (Koike et al. 1989; Kew et al. 1996) , or application of the pan-kinase inhibitor staurosporine (Koh et al. 1995) , these studies usually involved the application of unphysiologically high potassium concentrations (>25 mM).
We aimed at correlating the different activity patterns, which we could observe after manipulating the extracellular potassium concentration, with the survival of cortical neurons under trophic deprivation. We could show that not only more neurons survived in extracellular potassium concentrations of 5. (Fig. 2C, D) , our data suggest that physiologically, relevant burst patterns may also contribute to neuronal survival in the developing cerebral cortex in vivo.
Interestingly, on increasing [K + ] ex to a value just above the depolarization block threshold (~14 mM), the survivalpromoting effect of high [K + ] ex was sustained even in the absence of spontaneous network activity. This effect is likely due to an influx of calcium through L-type voltage-dependent calcium channels that are activated not only by neuronal burst activity (Chen et al. 2005) but also by depolarization with high potassium concentrations (Gallo et al. 1987; Koike et al. 1989; Ghosh and Greenberg 1995) . This calcium influx will directly activate intracellular prosurvival pathways (Deshmukh and Johnson 1997; Harris et al. 2002) and induce the expression (Ghosh et al. 1994 ) and release of neurotrophic factors (Brigadski et al. 2005; Kolarow et al. 2007 ). Therefore, beside high-frequency network activity sustained depolarizations can also ensure survival of immature cortical neurons.
Pharmacological manipulation of cortical network activity also had a pronounced effect on neuronal survival. and Segal 2007; Heck et al. 2008) . Increasing high-frequency cortical network activity by blocking GABA-A receptors exerted a neuroprotective effect on immature cortical neurons. This was in contrast to a previous study of our laboratory where the blockade of GABA-A receptors caused a suppression of spontaneous burst activity and a significant increase in cortical apoptosis (Heck et al. 2008) . This discrepancy can be most likely explained by the different developmental stages of the cultures used in our previous (4--6 div) and in our present study. A number of previous studies have demonstrated a depolarizing action of GABA in early cortical development (Ben-Ari et al. 1989; Luhmann and Prince 1991; Owens et al. 1996; Khazipov et al. 2004; Sipila¨et al. 2005; Achilles et al. 2007; Isaev et al. 2007 ). In rodents, GABA becomes hyperpolarizing during the second postnatal week due to a developmental change in the expression of chloride transporters and a resulting decrease in the intracellular chloride concentration (Ganguly et al. 2001; Yamada et al. 2004; Achilles et al. 2007 ) (for review, see Blaesse et al. 2009 ). Since the cultures used in this study were 2 weeks old and since GABA-A receptor blockade induced an increase in spontaneous cortical network activity, we can conclude that GABA acted hyperpolarizing in our cultures. The fact that blocking the inhibitory actions of GABA can be neuroprotective is also in agreement with previous studies by Hardingham et al. (2002) . Elevated [K + ] ex and application of GABA-A receptor antagonists or 4-AP are also well-accepted in vitro and in vivo models for the induction of epileptic activity, and it is well documented that epileptic seizures may induce apoptotic cell death in the immature brain (for review, see Wasterlain et al. 2002) . Although we cannot exclude that 8.0 mM [K + ] ex or gabazine may have induced apoptosis in a small number of neurons, our data do not indicate substantial cell death under these conditions. Furthermore, it has been demonstrated that the immature brain can tolerate relatively long periods of enhanced excitability and prolonged seizures without suffering massive cell death (for review, see Wasterlain et al. 2002) .
We further studied the intracellular survival pathway that is important for the survival-promoting effect of high-frequency network bursts and tonic spike firing by application of the PI3K antagonist LY294002. Blockade of PI3K significantly decreased the cortical survival time of neurons kept in high extracellular potassium concentrations (5.3 and 8.0 mM) under trophic deprivation, whereas it had no effect on survival in low potassium concentrations (1.5 and 3.0 mM). These results are in good agreement with studies showing a dependence of various neuronal cells on PI3K signaling for survival (Yao and Cooper 1995; Nonomura et al. 1996; D'Mello et al. 1997; Dudek et al. 1997; Papadia et al. 2005; Pezet et al. 2005 ). Interestingly, in some studies, blockade of PI3K did not interfere with K + -induced neuronal survival (D'Mello et al. 1997; Dudek et al. 1997) , whereas in others, it did (Vaillant et al. 1999; Pezet et al. 2005) . One explanation for this discrepancy is the use of different neuronal populations and different potassium concentrations. As we could show, PI3K only influenced survival of cortical neurons in high extracellular potassium concentrations (5.3 and 8.0 mM). This corresponds well to the fact that the PI3K pathway only confers survival for as long as activity is present (Papadia et al. 2005) as was the case in these experiments. In low extracellular potassium concentrations, the decreased neuronal network activity may be insufficient to effectively stimulate the PI3K pathway. Downstream of PI3K, Akt kinase phosphorylates proapoptotic proteins, such as Bcl-2/Bcl-x-associated death promoter, forkhead transcription factor like 1, and glycogen synthase kinase 3b, thereby rendering them inactive Yuan and Yankner 2000) . The fast inactivation of proapoptotic proteins that does not require activation of prosurvival transcription factors might be the mechanism by which high-frequency network bursting and tonic spike firing ensure cortical survival. Yet, we cannot rule out the possibility that other survival-promoting signaling pathways also participate in the neuroprotective effect of the activity patterns we observed. Taken together, our results demonstrate that specific spontaneous activity patterns in developing neuronal networks play an important role in the control of cell survival. Especially, high-frequency network bursts could have a significant neuroprotective effect on trophically deprived cortical neurons. This neuroprotective effect was dependent on the intact PI3K signaling pathway that is known to prevent neuronal apoptosis by inhibiting proapoptotic signaling molecules. However, it remains to be investigated if other prosurvival pathways such as the MAPK pathway or the CaMK pathway also play a role for this activity-dependent survival.
Notes
